The optical constants, photoluminescence properties, and resistivity of Al-Alq 3 thin films prepared by the thermal co-evaporation method on a silicon substrate are studied with various Al fractions. A variable angle spectroscopic ellipsometry is employed to determine the optical constants in the wavelength from 300 to 1200 nm at incidence angles of 65°, 70°, and 75°, respectively. Both the refractive indices and extinction coefficient apparently increase with increasing Al fractions. The intensity of photoluminescence spectra gradually increases with decreasing Al fractions due to intrinsic energy level transition of Alq 3 organic semiconductor in the ultraviolet wave band. The resistivity decreases from 42.1 to 3.36 Ω·cm with increasing Al fraction from 40% to 70%, resulting in a larger emission intensity in photoluminescence spectra for the 40% Al fraction sample.
Recently, organic semiconductors have attracted a lot of interest for the application of optoelectronics devices, particularly, organic light-emitting diodes (OLEDs), which is a promising candidate for the next-generation light source to shed clear light on flat panel displays, transparent lighting panels, and luminescent wallpapers due to their high luminescence efficiency, low power consumption, wide spectrum capability, high color contrast, and potentially large area flexible color displays [1] [2] [3] [4] . The tri-(8-hydroxy-quinoline) aluminum (Alq 3 ) [5] [6] [7] organic semiconductor as the electron transport and emission material is widely used in efficient multi-layered OLEDs on account of its high fluorescence efficiency, eminent thermal stability, and good electron mobility [8] [9] [10] [11] . To intensively comprehend and design of such devices [12] , investigation of the optical and photoluminescence (PL) properties of Alq 3 thin films is indispensable, since the efficiency, brightness, and stability of OLED devices are directly determined by the optical properties of the Alq 3 material [13] . In addition, owing to the lifetime and efficiency of the blue OLEDs falling behind those of the green OLEDs [14] [15] [16] , much endeavor has been dedicated to transform the emission of Alq 3 from the green to the blue region. So far, only a few researches have been reported for metal-doped organic semiconductor films in OLEDs [17, 18] . Shi et al. have prepared a novel blue-emissive Alq 3 through the pull-push effect [19] . Khan et al. have deposited Ag incorporated Alq 3 and found that the PL intensity is enhanced with the Ag concentration [20] . Cuba et al. have improved luminescence intensity and stability of Alq 3 films by incorporating 30 wt% of ZnO [21] . Thus, it is intriguing to explore the properties of Al-doped organic semiconductor Alq 3 thin films for OLED applications.
In this Letter, the optical, PL, and resistivity properties of Al-Alq 3 thin films with different Al fractions have been studied in detail.
The Al-Alq 3 thin film was deposited by the coevaporation technique on n-type Si (111) 2-4 Ω·cm resistivity substrate overlaying a native SiO 2 layer. Before deposition, distilled deionized water and ethanol were used for cleaning Si substrates. Al-Alq 3 thin films with different Al volume fractions can be acquired by accurately controlling the evaporation rates of Al and Alq 3 under base chamber pressure of 1 × 10 −4 Pa. A quartz crystal thickness monitor (Sigma SQM-160) can acquire the film thickness and the evaporation rate. The resistance of Al-Alq 3 was measured using a Keithley 2400 sourcemeter. The film surface morphology was characterized by an atomic force microscope (AFM, Bruker Dimension Icon VT-1000 System) in the tapping mode. The PL intensity was measured at room temperature by exciting the samples at normal incidence with a He-Cd laser (325 nm). PL spectra have been acquired by collecting the emitted luminescence at a normal direction with a 0.5 m spectrometer (Acton Research, Spectra Pro 500i). The optical properties of the sample have been measured using a spectroscopic ellipsometer (Sopra GES5E) with a wavelength from 300 to 1200 nm at three different incident angles of 65°, 70°, and 75°, respectively.
The AFM results in Fig. 1 (a) exhibit a crack-free and smooth surface with a 1.57 nm surface roughness, which is beneficial for spectroscopic ellipsometry (SE) measurement, since intense scattering from a rough surface can lead to optical depolarization. SE measurements yield a complex reflectance ratio [22, 23] ,
where r p and r s are the Fresnel reflection coefficients of parallel (p) and perpendicular (s) polarized light, respectively. Further, ψ and Δ are the amplitude ratio of reflected p-to s-polarized light and the phase shift difference, respectively. With the purpose of obtaining the complex refractive index N ðEÞ ¼ nðEÞ þ ikðEÞ of the Al-Alq 3 sample, the ψ and Δ derived from the SE measurement can be fitted to an appropriate optical model and dispersion model. A fourlayered optical model (surface roughness layer∕Al-Alq 3 layer∕SiO 2 layer/Si substrate), as shown in Fig. 1(b) , has been employed in the SE fitting procedure, where the surface roughness layer is modeled on a Bruggeman effective medium approximation (EMA) theory with a mixture of 50% Al-Alq 3 and 50% voids [24] . The thickness of as-prepared Al-Alq 3 thin films is limited below 150 nm, because thickness values in the range 50-150 nm are typically used in OLED devices. Besides, the thickness of the SiO 2 layer is 1 nm. The optical constant of which is referred to in Ref. [25] . The Lorentz oscillation model has been adopted to characterize the optical function of the sample described as follows [26] :
where ε 1∞ is the light-frequency dielectric constant, and m is the total number of oscillators with frequency ω j , broadening Γ j , and oscillator strength F j ¼ f j ω 2 j , representing the percentage contribution of oscillator j to the whole system. Four oscillators have been chosen, because the spectra can be reproduced with this number of main peaks in the initial point-by-point fit. The data fitting process is then applied by regulating the film thickness and model parameters. The fitting of the Al-Alq 3 thin film at various Al fractions exhibits an excellent agreement with experimental data in the whole measured spectral range, as shown in Fig. 2 , which declares that the fitted dispersion model and optical model are feasible and reasonable. Figure 3 presents the refractive index n and extinction coefficient k for the series of Al-Alq 3 samples. The refractive index n in Fig. 3(a) apparently increases in the wavelength region from 300 to 1200 nm with the Al fraction increasing from 40% to 70% on account of heavy light refraction in Al rather than those of Alq 3 . The density of metal Al is larger than organic Alq 3 . Therefore, the compact Al-Alq 3 thin film with 70% fraction will increase the refractive index [27] . The abnormal dispersion turns up in the ultraviolet (UV) band (300-400 nm) for the 60% Al sample and near the infrared band (700-1200 nm) for the 70% Al sample due to strong absorption in this band for the samples [28] . The absorption range of Al-Alq 3 thin films emerges in two wavelength ranges: UV band and near infrared band, as shown in Fig. 3(b) , which represents Alq 3 intrinsic absorption and impurity absorption induced by Al, respectively. The extinction coefficient k obviously increases with the Al fraction increasing in the wavelength from 300 to 1200 nm. The onset of absorption defined by the minimum energy value, where k differs from zero appears in the wavelength of 380 nm (¼3.26 eV) in the UV absorption band. This is on behalf of the lower limit of the optical gap for Alq 3 organic semiconductor and is in accordance with previously reported values of 2.65 [29] and 2.64 eV [30] . On the other hand, the impurity absorption peak in the near infrared band is derived from the impurity energy level induced by the Al in sample. Hence, the k values in the wavelength after 800 nm exhibit increases, particularly in the 70% Al sample. Figure 4 (a) has displayed the PL spectra of various Al fraction in the Al-Alq 3 sample. The intensity of the PL spectra gradually increases with the Al fraction decreasing from 70% to 40%. It signifies that impure Al restrains the luminescence of Al-Alq 3 thin films, since the luminescence is attributed to intrinsic energy level transition of Alq 3 organic semiconductor in the UV band rather than those of metal Al in the near infrared band. A He-Cd laser (325 nm) can easily excite PL emission of around 420 nm (blue-violet) in the intrinsic absorption zone. The emission is related to the recombination of free excitons in an exciton-exciton collision process on the near band-edge transitions [31] . Further, the PL emission shifts from the wavelength of 439 to 408 nm with the Al fraction enlarging from 40% to 70%. The blue shift phenomenon is dominated by defect-related deep-level emission from the Al impurity for the OLEDs application. Figure 4(b) shows the resistivity of Al-Alq 3 thin films with various Al fractions. The resistivity value of samples decreases rapidly from 42.1 to 3.36 Ω·cm with increasing Al fractions from 40% to 70%. The electrical properties of Al-Alq 3 thin films are correlated to the oxygen content of the sample. The more oxygen deficient generally expresses a lower resistivity [32] . The Al mixing into Alq 3 in Al-Alq 3 thin film leads to charge donation and an increase in conductance [33] . In Al-Alq 3 thin film with high Al fraction, the interconnection of adjacent Al granules develops a continuous conductive network, emerging metal conductive behaviors in specimen. When the excitation light in PL measurement propagates to the surface of Al-Alq 3 thin film, the separated holes will readily spread from the irradiated region to the non-irradiated region, resulting in emission light tremendously dropping off from separated holes. With Al fraction decreasing, the Alq 3 matrix can gradually cut off the connection of Al granules. The Al-Alq 3 slowly exhibits weak conductive behaviors by reason of the high resistivity of Alq 3 , leading to larger emission intensity in the PL spectra.
In conclusion, Al-Alq 3 thin films on Si substrates with various Al volume fractions are prepared by a thermal co-evaporation technique. The optical functions (n and k) are acquired by SE in the wavelength region from 300 to 1200 nm at three incidence angles: 65°, 70°, and 75°. The measured SE spectra are fitted by combining a four-layer optical model with EMA and a Lorentz oscillation dispersion model. The refractive indices in the measured wavelength region evidently increase with increasing Al fractions. It emerges to an abnormal dispersion region in the UV band for the 60% Al sample and the near infrared band for the 70% Al sample by reason of strong absorption in this band. The extinction coefficient k apparently increases with the Al fraction increasing in the measured wavelength range, where the onset of absorption is found to be at wavelength of 380 nm. The intensity of PL spectra gradually increases with decreasing Al fractions, since the luminescence is attributed to intrinsic energy level transition of Alq 3 organic semiconductor in the UV band rather than those of metal Al in the near infrared band. Further, the blue shift of the PL emission peak with increasing Al fractions is due to defect-related deep-level emission from an Al impurity. The resistivity value of samples decreases rapidly from 42.1 to 3.36 Ω·cm with increasing Al fraction from 40% to 70%, resulting in a larger emission intensity in the PL spectra for the 40% sample. This study can shed light on the design and fabrication of Alq 3 -based luminescent devices in an OLEDs application. 
